Abstract. We compute passband-integrated specific intensities for spherically symmetric models generated with the PHOENIX code. The models cover the range 5000 K ≤ T eff ≤ 10 000 K with surface gravities between 3.5 and 5.5, in steps of 0.5. The adopted mixing-length parameter is 2.0 pressure scale heights, while the microturbulent velocity is 2.0 km s −1 . The calculations were carried out for four photometric systems: Strömgren, Johnson, Geneva and Walraven, completing 24 filters. The series introduced by Claret (2000) and a new bi-parametric (exponential) law are shown to be able to describe the intensity distribution of spherical models with acceptable σ. Simple limb-darkening laws do not produce accurate fits to the computed radiation fields. On the other hand, the concept of "quasi" spherical models is introduced and we present the corresponding limb-darkening coefficients for the most commonly adopted limb-darkening laws for the same filters.
Introduction
The limb-darkening coefficients (LDC) are a basic tool in several fields of Astrophysics such as double-lined eclipsing binaries (the main source of stellar masses), measurement of stellar diameters, line profiles of rotating stars and more recently the transit of extra-solar planets, gravitational microlensing and optical interferometry.
The current database of stellar atmosphere models is large, compared to those available only a few years ago (see for example the CDROMs by Kurucz 1993 or the grids published by the PHOENIX and MARCS groups). Most of these models were computed under the assumption of plane-parallel symmetry and there are only a few investigations of the effects of sphericity on the intensity distribution, e.g. Orosz & Hauschildt (2000) . However, no detailed information of the limb-darkening was given since that the main goal of the authors was to present a new light curve synthesis code rather than to provide tables of the LDC.
The most commonly adopted limb-darkening laws are linear, quadratic, square-root and logarithmic, respectively:
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where I(1) is the specific intensity at the center of the disk, u, a, b, c, d, e, f are the respective LDC. Claret (2000) introduced a non-linear law capable of reproducing the intensities of plane-parallel models very well. This law can be written as:
Two numerical methods are often used to generate the LDC: the Least-Square (LSM) and the Flux Conservation (FCM). Both numerical procedures have been the subject of extensive discussions so we do not repeat the argumentation here. The main conclusion is that LSM is the most consistent approach (see Claret 2000 for more information). Therefore, we adopt here the LSM in all LDC calculations. The corresponding σs are given by where y i is the model intensity at the point i, Y i the fitted function at the same point; N is the number of points and M is the number of coefficients to be adjusted.
In the present paper we investigate the specific intensities of spherical models generated with the PHOENIX code for effective temperatures between 5000 and 10 000 K, with log g varying between 3.5 and 5.5, appropriate for A-G spectral types. In the first part of this paper we briefly describe the properties of the spherical models and present the actual integrated specific intensities in four photometric systems (24 filters): Strömgren, Johnson, Walraven and Geneva. Next, the concept of a "quasi" spherical model is introduced and the respective LDC are computed for the most commonly used limb-darkening approximations for the above photometric systems.
A brief description of the PHOENIX models and the actual integrated specific intensities
The present models were computed using the current version (13) of the PHOENIX code and the most recent setup of the microphysics. The models are characterized by the effective temperature, log g and mass. We adopted for the present calculations a mass of 1 M . The selection of the mass has a minor influence on the results provided that it is not changed by large factors. The stellar radius R is set by the condition g grav = GM/R 2 , where we define g grav as the gravitational acceleration at τ std = 1, G is the gravitational constant, and τ std is the optical depth in the continuum at 1.2 µ. The luminosity L of the model is then given by L = 4πR 2 σT 4 eff . For convenience, our model grid is based on the set of parameters (T eff , log g, M/H). The above formulae and the structures of the model atmospheres can be used to transform them to any target set of parameters (e.g., for a different definition of τ std ). The range of effective temperatures is 5000 K ≤ T eff ≤ 10 000 K and the values of log g are between 3.5 and 5.5. The adopted microturbulent velocity was 2.0 km s −1 and the mixing-length parameter was 2.0, based on calibrations of M type stars at T eff ≈ 2800 K. 50 radial points were considered for each model and the specific intensities were computed for 99 µ points with a distribution that is adapted to each atmospheric structure. About 53 000 wavelengths were considered ranging from 10 to 9 × 10 6 Å with steps of 2-50 Å. Several million atomic and molecular lines were taken into account, the exact number depends on the parameters of the model in question. All this information requires around 130 MB per model radiation field spectrum. For F and G stars, the presence of temperature minima and chromospheres influence the drop-off region. However, it will only affect wavelengths that are optically thick in the chromospheric regions (or where there is substantial emission from the chromosphere). These regions are not included in the models and we do not expect that, for the colors that are considered in this paper, they make a substantial difference. For line core of lines like Ca II H+K this chromosphere certainly will have to be considered. More detailed information on the numerical methods and input physics can be found in , and .
In order to compute the specific intensities for a given passband we perform the convolution of the terrestrial atmospheric transmission, the filters transmission, the detector sensitivity and the double reflection of a aluminium mirror, represented by the function S(λ) following the equation:
where I(λ, µ) is the monochromatic specific intensity (for details see Claret 2000) .
There is a notorious difference between the normalized specific intensities computed using the plane-parallel and spherical geometry. In the plane-parallel approximation the specific intensity near the border of the disk is finite, while in spherically symmetrical models this quantity is very small, almost zero. There is a sudden drop off which depends on the effective temperature, log g and the passband (see Figs. 1, 2 ). These drop offs are caused by the decreased matter-radiation interaction near the limb of the star. Such behavior seems to indicate that simple limb-darkening laws are not capable of describing the distribution of the specific intensities with sufficient accuracy. Moreover, it is expected that the influence of sphericity effects will be not negligible. The most immediate effect is "lost light" since plane-parallel models predict a less pronounced decline at the border of the disk (Orosz & Hauschildt 2000) .
As explained by Claret (2000) and Orosz & Hauschildt (2000) it is important to extract the maximum information possible from the stellar atmosphere models concerning limb-darkening. We make the actual specific intensities available (upon request) for four photometric systems: Strömgren, Johnson, Geneva and Walraven, 24 filters total. In order to differentiate the Walraven and Geneva filters from those by Johnson we denote the former as GU GB1 GB GB2 GV1 GV GG WW WU WL WB WV. Figures 1, 2 show the behavior of the specific intensities for two models with T eff = 10 000 K and 5000 K, both with log g = 4.0. Hereafter, we denote a particular model as [T eff , log g], for the sake of clarity. In addition to the general dropoff near the limb, we can see in Figs. 1, 2 that these are more pronounced for larger effective wavelengths (filters R I J H K). Another characteristic in both figures is the steeper dependency of the integrated specific intensities in models with lower effective temperature. Note that before the drop-off point is reached, a model shows an almost linear behavior, as expected even for plane-parallel approximations in this effective temperature and gravity range.
Of course, the use of the actual integrated specific intensities is better than to adopt a given limb-darkening law resulting from a numerical adjustment. On the other hand, the use of LDC delivers a faster and more economic method for many applications. Due to the special characteristics of the intensity distributions produced by spherical models, simple laws are not capable of accurate fits, as shown by Orosz & Hauschildt (2000) and confirmed by numerical experiments performed here. Only two laws (Eqs. (5) and (8)) were able to describe the center to limb variation with an acceptable accuracy in the case of spherical models. As mentioned in the previous paragraph, we introduce a new bi-parametric approximation which can be written as:
Figures 3 and 4 illustrate the capability of Eqs. (5) and (8) 
The "quasi" spherical models
If one considers only the µ points previous to the drop-offs, the shape of the curves is similar to those with the same T eff and log g but computed with plane-parallel geometry (Fig. 5) . Therefore, we define a "quasi" spherical model as one computed using spherical symmetry but LDC computed without considering the points within the drop-off region. Such a concept is very useful, for example, in circumstances where the effects of sphericity are not important. The two models represented in Fig. 5 were computed with the same code but under very different input physics:the number of lines taken into account, the number of µ points, distribution and number of λ points, different adopted mixing-length parameters and, mainly, the adopted geometry. Even taking into account all these differences the distribution of intensities are not so different. The differences may be even smaller than those shown in Fig. 5 if the plane-parallel model is computed with the same input physics (see Fig. 6 ).
We have performed LDC calculations for the 24 filters applying the linear, quadratic, root-square, logarithmic, exponential laws and the approach given in Eq. (8). In Fig. 6 we show the results for a [7000, 4.0] model for the Walraven and Geneva filters using Eq. (5). The fits are very good for any passband. In fact, the dashed lines which denote the fits are indistinguishable from the asterisks which represent the actual integratedintensities. For each panel in Fig. 6 we plotted (full lines) the integrated-intensities for a plane-parallel model with the same effective temperature and surface gravity. By inspecting such Fig. 6 we can conclude that the the concept of "quasi" spherical models is fully supported when the microphysics input are similar. 
Summary and conclusions
We have computed integrated specific intensities for 24 passbands using recent spherical models generated by the PHOENIX code with effective temperatures between 5000 K and 10 000 K and log g between 3.5 and 5.5. Only in two cases (the series proposed by Claret 2000 and an exponential law) was it possible to fit spherical models within an acceptable accuracy. On the other hand, we have introduced the concept of "quasi" spherical models, considering only the points previous to the drop-offs. The LDC for these models were computed using the most common limb-darkening laws. These "quasi" spherical models are also useful since they cover the gap in effective temperature indicated by Claret (1998) . Table 2 PHOENIX 5000 K-10 000 K 3.0-5.5 Strömgren-Johnson Eq. (5) Table 3 PHOENIX 5000 K-10 000 K 3.0-5.5 Geneva-Walraven Eq. (5) Table 4 PHOENIX 5000 K-10 000 K 3.0-5.5 Strömgren-Johnson Eq. (8) Table 5 PHOENIX 5000 K-10 000 K 3.0-5.5 Geneva-Walraven Eq. (8) Table 6 PHOENIX 5000 K-10 000 K 3.0-5.5 Strömgren-Johnson Eq. (1) (quasi spherical) Table 7 PHOENIX 5000 K-10 000 K 3.0-5.5 Geneva-Walraven Eq.
(1) (quasi spherical) Table 8 PHOENIX 5000 K-10 000 K 3.0-5.5 Strömgren-Johnson Eq. (2) (quasi spherical) Table 9 PHOENIX 5000 K-10 000 K 3.0-5.5 Geneva-Walraven Eq. (2) (quasi spherical) Table 10 PHOENIX 5000 K-10 000 K 3.0-5.5 Strömgren-Johnson Eq. (3) (quasi spherical) Table 11 PHOENIX 5000 K-10 000 K 3.0-5.5 Geneva-Walraven Eq. (3) (quasi spherical) Table 12 PHOENIX 5000 K-10 000 K 3.0-5.5 Strömgren-Johnson Eq. (4) (quasi spherical) Table 13 PHOENIX 5000 K-10 000 K 3.0-5.5 Geneva-Walraven Eq. (4) (quasi spherical) 
